We present I-band light curves of 54 Population II Cepheids identified in the OGLE-II catalog of variable objects in the Galactic bulge fields. Their periods range from a fraction of a day to several days. Their light curves show very close similarity to the light curves of classical Cepheids with periods a few times longer.
Introduction
Population II variable stars pulsating with periods between about one and several days, and occupying the period range between RR Lyr and W Vir stars, are observed in globular clusters and in the Galactic disk. In the literature they are referred to as "long period RRab stars", "short period type II Cepheids", "globular cluster Cepheids" or "BL Her" variable stars. Recent review of their physical characteristics was given by Wallerstein (2002) .
On the basis of the morphological character of the observed light curves Diethelm (1983) distinguished among them three different groups: (1) long period RR Lyr objects with RR Lyr-like light curves but periods longer than the traditional limit of about 0.7 day; (2) short period W Vir stars (CW stars) with humps on ascending and descending branches; and (3) stars with humps on ascending branch and much slower decrease of brightness toward minimum (BL Her stars). In the later paper Diethelm (1990) named these groups AHB1, AHB2, and AHB3 (Above Horizontal Branch), respectively, on a physical ground that all of them are located in the color-magnitude diagram (CMD) by about 1 mag above the horizontal branch. The AHB1 stars are thought to belong to halo population with a marked deficiency in metal abundance; AHB2 and AHB3 stars have metallicity close to solar and are considered to be members of intermediate (thick disk) population. They are believed to evolve away from the Horizontal Branch toward the Asymptotic Branch.
Absolute magnitude values, metallicity and period-luminosity (P -L) relations for Population II short period variable stars were discussed by Nemec, Nemec and Lutz (1994) , Sandage, Diethlem and Tammann (1994) and McNamara (1995) . Moskalik and Buchler (1993) calculated a sequence of light curves for fundamental mode pulsations of Population II stars with masses 0.6 M ⊙ and luminosities 125-150 L ⊙ to match the observed light variations of BL Her stars.
In this paper we present the results of the search for periodic objects with periods between about 0.6 days and a few days, where the short period Population II pulsating stars reside, in the OGLE-II photometric database of variable objects in the Galactic bulge fields. From the periodogram analysis we selected 54 objects with light curve shapes and period values characteristic for the AHB-type stars. High quality of the light curves and the fact that all these stars belong to the same (Galactic bulge) population, may be useful for theoretical modeling of their pulsation. Our sample seems to be numerous enough to provide reasonably dense and complete period coverage for comparison with other objects of this kind.
Observations
Present work is based on observations obtained in years 1997-1999 during the second phase of the Optical Gravitational Lensing Experiment (OGLE-II), which is a long term survey of dense stellar fields. The Warsaw 1.3 m telescope installed at the Las Campanas Observatory in Chile (operated by the Carnegie Institution of Washington), was equipped with a SITE 2048 × 2049 first generation CCD camera. Observations were conducted in the scanning mode. Each 2048 × 8192 pixel strip corresponded to 14 ′ × 57 ′ in the sky. 49 fields covered in total about 11 square degrees in the direction of the Galactic bulge.
Each field was typically observed between 200 and 300 times in the I-band with the effective exposure time of 87 s, and a dozen times in the V-band with the effective exposure time of 124 s. The more detailed description of the instrumental setup of this phase of the OGLE project can be found in Udalski, Kubiak and Szymański (1997) . Woźniak et al. (2002) analyzed the frames collected during the 1997-1999 seasons with the Difference Image Analysis (DIA) method, as elaborated by Alard and Lupton (1998) , Alard (2000) and Woźniak (2000) . The resulting catalog contains about 200 000 candidate variable stars. To find the objects with periodic light changes we used both classic Fourier analysis and the Phase Dispersion Minimization method (Stellingwerf 1978) , the latter being better suited for the light curve shapes markedly different from sinusoidal. All the variable stars were then phased and selected for further analysis after inspection of the individual light curves.
Selection of the Objects
Identification of pulsating objects based solely on the period value, shape of the light curve and its amplitude can be difficult and ambiguous, in particular, for periods of about 1 day where all the AHB objects mentioned above overlap. In the present search we were guided by the general appearance of the light curves, amplitude of light variations and parameters of the Fourier decomposition of the light curves.
In Table 1 we list all the objects found in the catalog in the period range in question and with light curve shapes resembling those described by Diethelm (1983) . The consecutive columns of Table 1 give: number of the scanned field, number in Woźniak et al. (2002) catalog, number in OGLE-II database, equatorial coordinates (J2000.0), Galactic coordinates (l,b) , mean values of (V − I) and I, amplitude of light variations, and period in days. The mean VI photometry comes from the OGLE maps of the Galactic bulge .
Light curves of the stars from Table 1 are shown in Fig. 1 . For easier comparison of the shapes of particular light curves we normalized them to one magnitude amplitude and set the maximum brightness at phase zero. The curves are ordered according to the increasing period values (from up to down).
It is worth noticing that in spite of rather poor quality of formerly published photometric observations of the short period Population II Cepheids we may identify in Fig. 1 the light curves with shapes considered to be characteristic for all the AHB groups mentioned above.
It may be also interesting to note the surprisingly close similarity of the light curves from Fig. 1 with the light curves of the classical Cepheids observed in the Magellanic Clouds. In Fig. 2 we show the normalized light curves of classical Cepheids from the Small Magellanic Cloud, with periods in the range between about 5 and 30 days, taken from Udalski et al. (1999c) . In particular, one may note that the Hertzsprung progression, clearly seen in Fig. 2 in the period range between about 6 and 24 days, is reproduced in Fig. 1 between 0.9 and 3 days. This similarity of light curves of classical Cepheids and Population II Cepheids was first suggested from a much poorer observational material by Stobie (1973) .
For further comparison we list in Table 2 the pulsating objects from the LMC located below the relation for the fundamental mode Population I Cepheids (Fig. 2 in Udalski et al. 1999b) in the P -L diagram and interpreted as Population II Cepheids. Their normalized light curves are shown in Fig 3. It should be added that for compatibility with the Galactic bulge objects their mean photometry was recalculated to be also averaged over magnitudes instead of intensities as in the original catalog (Udalski et al. 1999b) .
The similarity of the shown light curve shapes can be also demonstrated in the Fourier parameter diagrams. Fourier analysis appeared to be a convenient way of quantitative description of the light curves for classical and short period Type II Cepheids (e.g., Simon and Moffett 1985, Petersen and Diethelm 1986) . Efforts were also undertaken to find convenient criteria of discrimination between different types of variable stars in the space of the Fourier parameters of their light curves (see e.g., Pojmański 2002). Following this line we approx- Table 1 . Amplitudes are normalized to 1 mag and maxima of brightness are set at phase zero.
imated light variations I(t), with periods P = 2π/ω known from periodogram analysis, by a sum of four harmonics:
Among possible combinations of a i and f i parameters, the most suitable for separation of objects with different shapes of light curves appeared to be: r 21 =a 2 /a 1 , r 31 = a 3 /a 1 , f 21 = f 1 − 2f 1 and f 31 = f 1 − 3f 3 . They are shown in Fig. 4 as functions of log P . It can be seen that in all panels the distributions of squares, representing the classical Cepheids from the SMC shown in Fig. 2 , are repeated at shorter periods by type II Cepheids from the Galactic Bulge (dots) and LMC (crosses). 
Period-Luminosity Relation
The newly identified Population II Cepheids are distributed in many fields covered by OGLE-II observations although the vast majority of objects is located in the central parts of the Galactic bulge (−2 • < l < 2 • ). In different fields they are subject to different, sometimes quite large, interstellar extinction and we may expect that their apparent color and brightness are determined (apart from the shifts resulting from slightly different distances and differences in absolute magnitude that can be larger as the periods of the objects cover non-negligible range) mainly by the amount of interstellar absorption. This is clearly demonstrated by the CMD shown in Fig. 5 . The solid line in this figure (the best fit confirming the anomalous value of the ratio A V /E(V − I) ≈ 2 in the direction of the Galactic bulge as found by Udalski (2003) .
This conclusion is supported by the distribution of RR Lyr stars in the same diagram. Grey dots, representing in Fig. 5 the RR Lyr stars identified by us in the Woźniak et al. (2002) catalog, follow practically the same reddening line as Population II Cepheids. The broken line in this figure has the same slope as the solid line and is shifted toward fainter magnitudes by 1.5 mag. The reasonable fit of the shifted line to the grey dots confirms our conclusion that the CMD for the bulge type II Cepheids is determined in the large part by the interstellar extinction.
On the other hand relatively large scatter of Population II Cepheids around the fitted line (standard deviation of magnitude residuals as large as 0.68 mag) compared to RR Lyr stars clearly indicates that the intrinsic brightness of the presented sample of Cepheids must significantly vary from object to object. This is expected as the range of pulsation periods of the stars covers more than order of magnitude.
To verify how the intrinsic brightness may affect the relation presented in Fig. 5 we corrected the VI magnitudes for the assumed P -L relation. We tried, as the most likely case, P -L relations for the VI bands for Population II Cepheids from the LMC (Table 2 ; corrections ∆V =1.46 log P and ∆I=1.85 log P ). The resulting slope of the fitted line to the corrected (V, V − I) positions of Cepheids turned out to be 1.97 ± 0.08 in this case with dramatically smaller scatter (standard deviation of magnitude residuals: 0.34 mag). For comparison, we also tried other relations, namely P -L relations for Classical Cepheids (Udalski et al. 1999a ; corrections ∆V = 2.76 log P and ∆I = 2.96 log P ). The resulting slope was similar -within 0.15 of the value obtained for the LMC Population II Cepheids, but the standard deviation of residuals was again much larger (0.50 mag).
All our tests consistently show that the position of our sample of Population II Cepheids in the CMD diagram indicates non-standard interstellar extinction in the Galactic bulge. The direction of the reddening line is fully consistent with the direction found with completely different type of stars. The slope of the reddening line in the OGLE-II filters resulting from our Cepheid sample is in the range of 1.9-2.1 in ideal agreement with red clump stars (Udalski 2003) . Direction of the reddening line is also in very good agreement with the direction indicated by RR Lyr stars. The linear fit with 2.5σ clipping algorithm to remove outliers to grey points in Fig. 5 representing location of RR Lyr stars in the CMD diagram yields the slope of 1.9 with standard deviation of magnitude residuals equal to 0.30 mag.
Once the character of the interstellar extinction toward the Galactic bulge is known we may calculate the extinction free index:
and determine P -L relation for our sample of Population II Cepheids. It should be stressed that due to large and variable interstellar extinction, determination of the P -L relation for individual bands would be of very poor quality in the Galactic bulge case.
To find the best P -L relation for the W V index we performed additional test. We varied the R coefficient within the range determined above to obtain the lowest scatter of the log P − W V relation. One has to be careful with such a procedure when the interstellar reddening is comparable with the width of the instability strip because simultaneously a scatter along the line of constant period is minimized. As a result the determined R does not directly correspond to the real coefficient of interstellar reddening. In the case of the Galactic bulge, however, the interstellar reddening is always by a factor of several larger than the width of the instability strip, therefore this effect is minimal. The standard deviation of residuals turned out to be the lowest in our case for R = 2.0. The dependence of the W V index on logP for Population II Cepheids in the Galactic bulge is shown in Fig. 6 . The solid line in this figure is the linear least square fit to the dark dots with 2.5σ clipping algorithm to remove outliers: It is interesting to compare our relation with the similar one for the LMC. In the case of the LMC the interstellar extinction seems to follow the standard relation with R ≈ 2.5 (Udalski 2003) . Therefore the W V index calculated with R = 2.0 is not extinction independent. Nevertheless the reddening in the LMC is relatively small and the VI photometry for Population II Cepheids could be reasonably dereddened (Udalski et al. 1999ab) . Thus in the case of the LMC the W V index (for R = 2.0) was calculated from the dereddened values V 0 and I 0 , presented in Table 2 .
The relation for the LMC type II Cepheids is shown by crosses in Fig. 6 . The linear least square fit to the crosses, again with the 2.5σ clipping algorithm, is:
W V = 17.47(±0.05) − 2.28(±0.06) · logP with the standard deviation of only 0.14 mag. The scatter of points in the case of the bulge Population II Cepheids is markedly bigger than in the case of the LMC and this can be understood as a consequence of possible irregularities in extinction toward the Galactic bulge as also of some differences in distance to particular objects. The two slope values differ somewhat but the difference is only at 2.1σ level. The values of slopes of both P -L relations could converge if we lowered the coefficient R in the definition of W V to 1.4. However, the scatter of both relations would be then unacceptably large: by a factor of two bigger than for R = 2.0.
We may conclude that at this stage the difference of the slopes of P -L relation for Population II Cepheids is not significant, although larger samples of objects from both stars systems are necessary for final confirmation. If the zero point of the P -L relation is also constant then Population II Cepheids could be used as standard candles for distance determinations similarly to Classical Cepheids.
Discussion
The main results presented in this paper can be summarized as follows:
1. The Galactic bulge contains Population II Cepheids.
2. Type II Cepheids are on average by about 1.5 mag brighter than the average brightness of the Galactic bulge RR Lyr stars.
3. The shapes of light curves of short period Population II Cepheids are, in general, very similar to the shapes of classical Cepheids pulsating with much longer periods.
4. The shapes of Population II Cepheids light curves differ among themselves in the same way as differ also light curves of classical Cepheids: most probably in both cases the differences of light curve shapes of stars with the same period are a consequence of somewhat different chemical composition.
5. Population II Cepheids in the Galactic bulge are significantly reddened by interstellar extinction. Their position in the CMD diagram confirms anomalous interstellar extinction toward the Galactic bulge (Udalski 2003) in very good agreement with the results obtained with red clump and RR Lyr stars.
6. All Population II Cepheids follow the same P -L relation and in this sense they form a physically homogeneous group what confirms the McNamara (1995) result concerning the objects with periods shorter than 10 days. We did not find in the Galactic bulge the Population II Cepheids with periods longer than 10 days. Such objects, however, are observed in the LMC (Fig. 6 ). Contrary to McNamara (1995) finding they follow the same P -L relation as the Population II Cepheids with shorter periods.
7. The comparison of slopes of the W V index P -L relation for the Galactic bulge and LMC indicates that both are within the errors of determination the same. Thus, if the zero point of the P -L relation is constant the type II Cepheids might be used as standard candles. It is tempting to make an exercise of determination on the base of our results the difference of distance moduli between the Galactic bulge and LMC. The average difference of the W V index for the Galactic bulge and LMC Cepheids is about 3.6 ± 0.2 mag what with the geometric distance modulus to the Galactic bulge, 14.5 ± 0.1 mag, (Eisenhauer et al. 2003) leads to the short distance modulus to the LMC. However, one has to remember that such a determination might be significantly biased. The change of the R coefficient in the W V definition by only 0.1 moves the zero point of the Galactic bulge relation by as much as 0.2 mag and only by a few hundredths of magnitude for the LMC relation due to large difference of V − I colors (the slopes change marginally). Therefore, to perform reliable comparison the coefficient R should be determined with high precision. Also other systematic effects cannot be excluded.
8. Relatively large sample of Population II Cepheids in the Galactic bulge makes it possible to study their distribution within the bulge. For instance, the red clump stars are located in the Galactic bar what shows up as almost 0.4 mag difference in the mean brightness of red clump stars in the fields located at l = ±5
• (Stanek et al. 1994) . On the other hand RR Lyr stars in the Galactic bulge do not show such asymetry and are located in the inner extension of the Galactic halo (Alcock et al. 1998) .
To study the distribution of Population II Cepheids in the Galactic bulge we plotted the deviations of the W V index from the mean P -L relation as a function of the Galactic longitude (Fig. 7) . Although the vast majority of objects are located relatively close to l ≈ 0
• there is a visible trend indicating that the objects with positive l are on average somewhat brighter than the mean P -L relation while those with negative l are fainter. The trend is marked with a dotted line in Fig. 7 (the best linear fit) and reaches about 0.5 mag at l = ±5
• .
The observed effect is identical as observed for the red clump stars. Also its magnitude is very similar. Thus it seems natural to interpret it similarly to red clumps stars case, i.e., that the Population II Cepheids are distributed in the Galactic bar. However, one has to remember that the number of objects with l > 2 • and l < −2
• is small in the present sample.
Therefore additional detections of Population II Cepheids are necessary for full confirmation of our finding.
It is worth noting that the presented in this paper Population II Cepheids come from the second phase of the OGLE project. Currently the OGLE survey regularly monitors by almost an order of magnitude larger area in the Galactic bulge and Magellanic Clouds. Therefore, one can expect that the number of detected Population II Cepheids in these star systems should increase significantly in the near future and presented in this paper relations will be verified with much larger samples.
